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ABSTRACT 
IN-SITU OPTICAL MICROSCOPIC INVESTIGATION OF THE DENDRITE 
FORMATION ON LITHIUM ANODE UNDER DIFFERENT ELECTROLYTE 
CONDITIONS IN LI-S BATTERY 
by 
Tianyao Ding 
 
The University of Wisconsin-Milwaukee, 2016 
Under the Supervision of Professor Deyang Qu 
 
By utilizing a high-resolution optical microscope, the dendrite formation on a lithium electrode 
with different electrolytes suitable for Li-S battery was investigated. It is found that the anions of 
lithium, the solvents, and the deposition current density have significant effects on the dendrite 
formation and surface morphology of lithium electrodes in electrolytes without polysulfides. On 
the contrary, in electrolytes with 25 mM concentration of polysulfides, the dendrite formation 
and surface morphology tend to be similar regardless of the other conditions. The dendrite-
suppression effect of polysulfides, inorganic additive (CsNO3), and electrode modifier (TEOS) 
are not significant in the electrolytes with polysulfides and a high deposition current density (10 
mA*cm-2).  
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1. Introduction  
Recently, rechargeable lithium sulfur (Li-S) batteries have drawn significant attention 
due to their high theoretical energy density, 1675mAh g-1, which allow it to be considered as a 
potential candidate to replace the state of-art Lithium-ion batteries (LIBs) that are currently 
found in electric vehicles (EVs). Although the rechargeable Li-S battery has been investigated 
over three decades, many critical issues remain to be addressed, such as low rechargeability and 
high self-discharge rate compared to the commercialized LIBs. In order to utilize the extremely 
high energy density of Li-Air and Li-S batteries, a Lithium metal anode instead of lithium 
insertion anode as in traditional LIBs must be used. Although lithium metal is very chemically 
reactive, the lithium metal anode in Li-Air or Li-S batteries are actually safe at the research scale 
due to the passivation of the surface of the lithium metal by the electrolytes and other chemicals.  
The biggest issue for the lithium metal anode in rechargeable Li-Air and Li-S batteries is the 
formation of lithium dendrites on the anode surface during charging due to lithium deposition. 
[1] The penetration of dendrites through the separator will cause an electrical short in the battery, 
thus the inhibition of dendrite growth is of great importance for any kind of rechargeable lithium 
battery with a lithium metal anode (i.e. Li-Air and Li-S batteries). [2] 
Although the mechanism for lithium dendrite formation is still not clear, the complexity 
of the lithium dendrite formation has been greatly recognized and demonstrated. Lots of factors 
influence the dendrite formation on lithium anode, such as solvents, lithium salts, concentration, 
temperature, current density, and additives.[3-31] It’s widely accepted that the solid-electrolyte 
interphase (SEI) layer formed on the lithium surface is a key factor for the formation of lithium 
dendrites.[1,2] Anything  that could influence the chemical and physical properties of the SEI 
layer may potentially influence the formation of lithium dendrites during the lithium deposition 
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process. In a Li-S battery, the discharge products of the sulfur cathode, lithium polysulfide 
species, are soluble in an ether-based electrolyte, and thus potentially those lithium polysulfide 
species could influence the lithium deposition process on the lithium anode during charging. In 
recent work, Mikhaylik et al reported imaging with SEM a mossy/powder like surface was 
developed on the lithium anode in a Li-S battery due to the shuttle effect between polysulfide 
species and lithium the anode [17]; Cui et al reported that there is a synergetic effect of lithium 
polysulfide in preventing lithium dendrite growth by SEM and in-situ optical microscopy [32]. 
To further investigate the influence of polysulfide species on the lithium dendrite formation in 
Li-S battery an optical microscope was used in this work to in-situ monitor the lithium 
deposition and stripping in a modified electrochemical cell with electrolyte conditions 
mimicking those in a real Li-S battery.      
To introduce the reader to the topic, a brief introduction of the background knowledge 
will be presented, which includes the introduction of a Li-S battery and dendrites. The main part 
of the thesis will discuss how the dendrite growth process differs in different electrolyte 
environments and compare the results to determine the effect that different electrolytes and 
additives will have on dendrite growth. Last this thesis ends with a short conclusion and the 
future work. 
  
3 
 
1.1 Brief introduction about lithium sulfur batteries. 
The first concept of Lithium-sulfur batteries was introduced in the early 1960s [51], 
which used lithium as the cathode and sulfur as anode. Although it has been investigated for 
more than 50 years lithium sulfur batteries still suffer from low rechargeability and high self-
discharge rate when compared with other Lithium batteries. In the year of 2009, Nazar [52] 
developed a Polyethylene glycol coated, pitted mesoporous carbon cathode. The conductive 
mesoporous carbon framework encapsulate sulfur within its channels. This structure made a 
breakthrough for the capacity and cycling stability of the Li-S battery. Since then, more and 
more researchers are focusing on this field and a lot of papers have been published on this topic. 
The Lithium-sulfur battery is a promising energy storage system because of its high 
energy density compared to existing lithium-ion batteries. The main difference is the way that 
the lithium sulfur batteries store energy. It operates based on metal plating and stripping on the 
lithium anode side and a conversion reaction on the sulfur cathode side. The reaction of lithium 
with sulfur could perform a 2 electron transfer which means the sulfur could deliver a theoretical 
specific capacity of 1675 mAh/g. The lithium electrode theoretically capacity is 3860 mAh/g. 
[53] The calculated theoretically energy density of the lithium sulfur battery is 2600Wh/kg, 
which is much higher than most lithium batteries. If the battery’s real energy density could 
achieve 20% of the theoretical value, the battery would make a revolution in the battery market 
with its 500Wh/kg energy density. This is the reason that the lithium sulfur battery is one of the 
hot topics in high energy capacity battery research. Also sulfur is one of the most abundant 
elements on the earth so it will help the manufacturer lower the cost of the lithium battery; also 
sulfur is an environmental-friendly element (i.e. no hazardous waste generated). 
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But lithium sulfur battery still needs to overcome some problems. First is the high 
resistance of sulfur. Sulfur’s conductivity at room temperature is 1.0*10-15S/m, which is very 
low. Also the final products for the reaction Li2S2/Li2S are all electrical insulators, which will 
affect the working efficiency of the battery. Second, the polysulfide ion can migrate between the 
cathode and anode. The increase in this ion will increase the electrolyte’s viscosity and lower the 
conductivity; this is called the “shuttle effect”. Third, the product Li2S2/Li2S may not dissolve in 
the electrolyte and may be deposited on the conductive frame which will drastically lower the 
capacity. Fourth, the massive difference in the structure of sulfur and lithium sulfide will result 
in a large volume expansion and contraction when charging and discharging. Those volume 
changes will change the structure of the electrode and lead to the sulfur separating from the 
conductive frame hence causing capacity loss and damage to the battery. This swelling effect 
becomes more dangerous when applied on batteries of larger volume. Last, the lithium electrode 
will also have a volume change when the battery is at charge versus discharge state. Also 
dendrites will grow on the surface of the lithium electrode and could cause safety issues. These 
issues are the reason why the lithium sulfur battery has yet to be commercialized. 
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1.2 Brief introduction about dendrite formation 
 Dendrite growth during battery charging has been identified as one of the critical issues 
for the safety of batteries. Dendrite growth not only happens in lithium metal but other metals 
such as Zn, Cu, Ag etc. They are reported to exhibit branched morphologies. [1] The fractal 
growth pattern contains many shapes. The needle-like growth will be called one-dimensional 
growth. The tree-like, bush-like and moss-like growth will be counted as three dimensional 
growth. 
 Dendrite growth has also been identified as an important factor in performance 
degradation. If the dendrite falls off from the deposition surface, it will cause a loss of capacity. 
Separate of that, if the dendrite keeps growing, it will penetrate the separator of the battery which 
has a thickness around 20 to 30 micrometers. After it penetrate the separator, it will keep 
growing and let the cathode attach to anode and cause an electrical short. The short will generate 
a lot of heat which will lead to problems like fires and explosions. 
The contributing factors to dendrite growth are still under debate, but the current accepted 
theory is that the largest contributors are the solvents, salts in the electrolyte, additives and other 
treatments. In this thesis we will compare dendrite growth under different conditions (varying the 
components mentioned above) to better understand the dominating factors of dendrite growth.  
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2. Experiment 
2.1 Chemicals. 
 The chemicals we used in this experiment for the electrodes and electrolytes are: 
Sulfur (99.98%), lithium metal (ribbon, 0.75x19 mm, 99.9%), lithium nitrate (LiNO3, 99.99%), 
lithium sulfide (Li2S, 99.98%), cesium nitrate (CsNO3, 99.999%), tetraethyl orthosilicate (TEOS, 
99.999%) (from Sigma Aldrich), dimethoxyethane (DME), 1,3-dioxolane (DOL), lithium 
perchlorate (LiClO4), lithium difluoro(oxalate) borate (LiDFOB), lithium 
trifluoromethanesulfonate (LiTFS) (battery grade from FERRO), lithium bis(trifluoromethane) 
sulfonimide (LiTFSi), lithium-bis(oxalate)borate (LiBOB), 1,4-Dicyanobutane (ADN), dimethyl 
sulfoxide (DMSO), cobalt(II) phthalocyanine, lithium bis(perfluoroethylsulfonylimide) 
(LiBETFSi) (battery grade from 3M) were purchased and used without further treatment.  The 
structure of some salts and organic solvents are presented in the figure 1. 
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Figure 1. Structures of the electrolyte salt and organic solvent which was used in the experiment. 
From left to right, top to bottom is: (1) TEOS (2) DME (top right) (3) DOL (4) LiTFS (5) 
LITFSI (6) DMSO (7) LIDFOB (8) LIBF4 (9) LIBOB (10) ADN (11) Co (II) phthalocyanine 
(12) LIBETFSI  
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2.2 Sample preparation and method 
All baseline electrolytes were made in DME/DOL (1:1, vol) mixture, with 0.1 M LiNO3, 
and 1 M lithium salts. All electrolytes with polysulfide species were obtained by mixing S8 and 
Li2S (molar ratio of 5:8, to form Li2S6 stoichiometrically) to reach a final concentration of 25 
mM.[33] 
The self-made air-tight cell used in this work was shown in figure 1. In general, a lithium 
disk (roughyl 5 mm ID and 5mm thickness) was pressed on the bottom current collector (as shown 
in figure 1) as the working electrode; and a lithium ribbon (with 0.75mm thickness) was pressed 
on the side current collector (as shown in figure 1) to form a lithium ring electrode as the 
reference/counter electrode; the working distance between two electrodes is about 2 mm. A glass 
disk (from Edmund Optics) with 40mm ID and 0.635 mm thickness was used as the observation 
window for optical microscope. The lithium working electrode surface was polished with a knife 
to obtain a shiny surface. The cell was assembled in Argon-filled glove-box with 1.0 ml of the 
different electrolytes mentioned above. For the silicate coated lithium electrode, 100 ul of TEOS 
was added onto the polished lithium working electrode and after 5 min the TEOS was removed by 
a micro-pipette. [34]  
A Keyenece VHX-2000 optical microscope was used to observe the dendrite formation on 
the lithium disk of the working electrode in the two-electrode cell. During observation, the cell 
was operated under galvanostatic condition as follows: lithium deposition current on working 
electrode (lithium disk) is set at 2 mA (current density is 10 mA*cm-2) for one hour, unless 
specified by other conditions. A BioLogic electrochemcial station (from BioLogic Science 
Instruments) was used for the galvanostatic lithium deposition experiments.   
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All the pictures in this thesis were taken by the digital camera that is installed on the 
microscope. There are two methods of recording images with the Keyence. The first method is 
depth composition method. This mode is used to digital 3D image something. In this mode the cell 
is placed on the microscopes x-y stage, which remains fixed the entire time. The camera above the 
x-y stage moves along the z axis taking pictures in increments of 10 micrometers. Upon completion 
the software finds the best resolution for each part and stacks all the picture together to form a new 
in-focus 3D depth profile of the images. The second mode of photography is called stitching.  In 
this mode the cell is placed in the center of the microscope’s X-Y stage. The x-y stage will then 
move in the x-y plane in a clockwise fashion around the center point. It will stop for each position 
to finish the depth composition process, then move to another position and repeat the steps. Upon 
completion the software stitches all the images together forming one larger picture which is used 
as the figure in the later part of the thesis. Last, the deposition of the lithium dendrite is recorded 
in-situ by the video camera on the microscope for every experiment. 
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Figure 2. Schematic set-up of the self-made two-electrode cell in this work. 
1, observation glass window; 2, steel current collector for reference/counter electrode; 3, lithium 
disk of working electrode; 4, electrolyte; 5, lithium metal of reference/counter electrode; 6, steel 
current collector for working electrode; 7, PTFE body of the cell. 
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Figure 3 Experiment setup and cell’s side view and top view 
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3. Result and discussion 
3.1 Lithium dendrite morphology in electrolytes without lithium polysulfide. 
Typically, most of Li-S batteries are tested in the ether-based electrolytes, and the most 
popular electrolytes are the LiTFSi in DME and DOL mixture with 0.1 M to 0.3 M LiNO3 (as a 
polysulfide shuttle inhibitor). [33, 35-37] Other suitable lithium salts include LiTFS and 
LiClO4.[36,37] Due to the similar molecular structure of LiBETFSi to LiTFSi and the relative 
stability of LiDFOB with polysulfide [33], LiBETFSi and LiDFOB were also included in this 
study. A total of 5 lithium salts in DME/DOL without polysulfide species were first investigated 
due to their suitability for a Li-S battery. Figure 4 shows the morphologies of the whole lithium 
electrodes before and after lithium deposition in electrolytes with different lithium salts.  Clearly 
at that high deposition current density (about 10 mA*cm-2) dendrites with different morphologies 
are formed on the lithium surface of the electrodes. Due to the setup of electrochemical cell (disk 
and ring electrodes), most of the big dendrites are formed in the outer part of the lithium disk 
electrode, but only limited and small dendrites are formed in the center of electrode. Relatively 
the deposition in electrolyte with 1 M LiDFOB salt has bigger dendrites in size compared to the 
dispositions in electrolytes with other lithium salts, as shown in figure 4(C) (indicated in blue 
oval) there are multiple sites that the dendrites almost reach the ring electrode (counter 
electrode). 
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Figure 4 The optical photographs (each photograph was stitched together by lots of individual 
images with 100X magnification) of lithium electrodes with and without electrochemical 
deposition of lithium in different lithium salt electrolytes. (A) in 1 M LiBETFSi/DME/DOL 
electrolyte with deposition;(B) in 1 M LiClO4/DME/DOL electrolyte with deposition; (C) in 1 
M LiDFOB/DME/DOL electrolyte with deposition; (D) in 1 M LiTFS/DME/DOL electrolyte 
with deposition; (E) in 1 M LiTFSi/DME/DOL electrolyte with deposition; (F) in 1 M 
LiTFSi/DME/DOL electrolyte without deposition. All electrolytes contain 0.1 M LiNO3. The 
deposition condition is 2 mA for 1 hour.       
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In general, there are two types of dendrite morphologies in the micro scale as shown in 
figure 4 for different electrolytes: one is with lots of lithium wires (whiskers or needles) and 
structure is fluffy (not compact) as for LiDFOB electrolyte in figures 5(C) and 5(F); the other 
one is with lots of coarse or fine lithium particles and structure is compact as for other 
electrolytes in figures 4. Whisker-like lithium wires (or needles, as shown figures 5(C) and 5(F)) 
were also observed by others during the investigations of lithium deposition on different 
electrode surfaces and in different electrolytes, typically the lithium whiskers have a diameter of 
several um and a length in several hundred um range.[11, 21, 23- 26, 29, 30, 38] Based on the 
extensive studies of the whisker formation of Zn and Sn during electrochemical 
deposition[39,40], previously it’s believed the lithium whisker formed in similar way in which 
the size of whisker increases through the accumulation of deposits in the base attached on the 
electrode instead of the tip away from the electrode[30]. However, this mechanism of whisker 
formation for lithium is debatable due to: 1, the whiskers of Zn and Sn were caused by the stress 
during electrochemical deposition; 2, the tip of the whisker always has the higher charge density 
and lithium ion diffusion rate that those on the bottom; 3, the in-situ observation (see videos and 
snapshot in figure S-1to S-5 in the supporting information) clearly shows the continuous increase 
of the tip of lithium whisker during electrochemical deposition.  
Contrary to the whisker-like lithium deposits in LiDFOB electrolyte, in other lithium 
electrolytes the lithium deposits are composed of bush-like aggregates, [24, 31, 38] as shown in 
figures 4. At higher magnification (shown in figure 5), it can be observed that the bush-like 
aggregations are composed mainly by fine or coarse particles with some short whiskers. Due to 
the more compact structure of fine particles in other electrolytes, the overall size of the lithium 
dendrites in those electrolytes is much smaller than that in LiDFOB electrolyte. Since the only 
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difference of those electrolytes is the anions of the lithium salts, [38] the differences of dendrite 
morphologies clearly indicates the impact of different anions which was attributed to the 
different composition of the SEI (solid electrolyte interphase) layer on thesurface of the lithium 
electrode. [1, 2, 4-9, 11] 
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Figure 5 The optical photographs of lithium electrodes with and without electrochemical 
deposition of lithium in different electrolytes. In 1 M LiBETFSi/DME/DOL electrolyte with 
deposition, (A) and (F); in 1 M LiClO4/DME/DOL electrolyte with deposition, (B) and (G); in 1 
M LiDFOB/DME/DOL electrolyte with deposition, (C) and (H); in 1 M LiTFS/DME/DOL 
electrolyte with deposition, (D) and (I); in 1 M LiTFSi/DME/DOL electrolyte with deposition, 
(E) and (J). All electrolytes contain 0.1 M LiNO3. The deposition condition is 2 mA for 1 hour. 
From (A) to (E), in 200X magnification; from (F) to (J) in 400X magnification.        
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Xiao Jie [42] wrote that a Cs salt could act as an additive in the electrolyte of the batteries 
could be used to reduce the dendrite growth. So one experiment as figure 6 shown is designed to 
find the effect of the Cs salt. In this experiment, four different Cs salts were used, CsNO3, 
CsClO4, Cs2CO3 and Cs2 (Oxlate). The results are shown on C D E and F in the figure 6.  The 
first two are the sample without additive and with lithium nitrate. From the picture it could be 
found that the different Cs salts will lead to different structure and shape of the dendrites 
formation. The C with CsNO3 is moss like and it shape is closed pack. But for the other figures, 
the structure is loose and bush like. That still proves the anion of the salt is the dominant reason 
to determine the dendrite formation shape and growth rate. The Cs in this experiment does not 
affect the dendrite growth and formation as the Xiao demonstrates. The reason that cause the 
difference is maybe due to the current density difference at the deposition procedure. This 
experiment’s current density is higher than the Xiao’s. In the future, operating the charging 
process in a lower current density is another plan for further research. 
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Figure 6. The optical photographs of lithium electrodes with and without electrochemical 
deposition of lithium in different electrolytes. In 1 M LiBETFSi/DME/DOL electrolyte with 
deposition, (A) and (G); In 1 M LiTSFi/DME/DOL, with 0.3M LiNO3 with deposition, (B) and 
(H); In 1 M LiTFSi/DME/DOL, with 0.1M CsNO3 with deposition, (C) and (I); In 1 M 
LiTFSi/DME/DOL, with 0.1M CsClO4 with deposition, (D) and (J); In 1 M LiTFSi/DME/DOL, 
with 0.05M Cs2CO3 with deposition, (E) and (K); In 1 M LiTFSi/DME/DOL, with 0.05M 
Cs2(Oxalate) with deposition, (F) and (L). The deposition condition is 2 mA for 1 hour. From 
(A) to (F), in 100X stitching magnification; from (G) to (L) in 200X magnification.        
 
(A) (B) (C) 
(D) (E) (F) 
(G) (H) (I) 
(J) (K) (L) 
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Figure 7 is another experiment in which the purpose is to find the transition metal salts’ 
effect on dendrite growth. Bismuth (Bi), Indium (In), Lead (Pb) and Cobalt (Co) were chosen as 
the transition metal and nitrate has been chosen as the salt. Those metal salts will react with 
lithium and form a thin metal layer which acts like a shell on the lithium electrode. When the 
deposition of the lithium is happening, it will deposit on the lithium electrode plane which is 
under the metal shell. So the metal shell could act as a cover and compress the growing dendrites 
controlling the dendrite morphology and size in order to prevent dendrite overgrowth. From the 
figure 7, it can be observed that B C D, the color of the electrode has been changed, which means 
there is some reaction between the salts and the lithium salt and electrode. The reaction formed a 
thin layer of the metal deposition on the lithium electrode surface. But from the picture after the 
deposition, it can be found that the dendrites are still grown on the newly formed metal-surface. 
This means that the use of the thin metal film to control the dendrite growth failed in this 
environment. For the C and E figure, the dendrite formation is similar to the first sample with 
LiNO3 and the dendrite shape is also similar. The Cobalt (II) phthalocyanine did not react with 
lithium metal, the deposition still happened on the lithium electrode surface. That makes the 
result similar to the blank samples without additives. 
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Figure 7. The optical photographs of lithium electrodes with and without electrochemical 
deposition of lithium in different electrolytes. In 1 M LiBETFSi/DME/DOL electrolyte with 0.1 
M LiNO3 before and after deposition, (A),(F) and (K); In 1 M LiTSFi/DME/DOL, with 0.1M 
LiNO3 and 0.05M Bi(NO3)3 before and after deposition, (B),(G) and(L); In 1 M 
LiTSFi/DME/DOL, with 0.1M LiNO3 and 0.05M In(NO3)3 before and after deposition (C), (H) 
and (M); In1 M LiTSFi/DME/DOL, with 0.1M LiNO3 and 0.05M Pb(NO3)2 before and after 
deposition, (D),(I) and (N); In 1 M LiTFSi/DME/DOL, with 0.1M LiNO3 and 0.025M Co(II) 
phthalocyanine before and after deposition. The deposition condition is 2mA for 1hour. From 
(A) to (J), in 100X stitching magnification; from (K) to (O) in 200X magnification. 
 
  
(A) (B) (C) (D) (E) 
(F) (G) (H) (I) (J) 
(K) (L) (M) (N) (O) 
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In order to investigate the effect of charging current density on the dendrite growth. 3 
different current densities were applied to the cell. Figure 8 shows the dendrite growth in 
Lithium sulfur battery at different currents. In order to keep the total capacity the same, the 
charging time have been modified due to the different current. For 2mA current the charging 
time is 1 hour. For the 0.8mA current the time is 2.5 hour. For the 0.1 mA the charging time is 20 
hours. In order to avoid the leakage of the cell, the 20-hour experiment is finished in the argon 
glove box. From the figures (A) (B) and (C), the size of the dendrite deposition on the cell has a 
significantly shrinkage when operated at a low current density. That means the current density of 
the charging process is one of the element that affects the dendrite growth.  Also the cesium salt 
CsNO3 was introduced as additive of the electrolyte for comparison. The shape and size of the 
dendrite are not changed when compared to the samples without CsNO3. But on the picture, it is 
observed that the structure of the dendrites become well-packed and the size becomes small 
when adding the cesium nitride. So the Cesium still has some benefit for controling the dendrite 
growth but not as much as the changing of the current density.  Lower current density will be 
applied to the battery to see the change in future experiments. 
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Figure 8. The optical photographs of lithium electrodes with electrochemical deposition 
of lithium in LiTFSi/DME/DOL, with 0.1M LiNO3, with different current. In 2mA for 1hour, 
(A) and (D); In 0.8mA for 2.5 hour, (B) and (E); In 0.1mA for 20 hours, (C) AND (F). 0.05M 
CsNO3 is added to the electrolyte from (G) to (L). In 2mA for 1hour, (G) and (J); In 0.8mA for 
2.5 hour, (H) and (K); In 0.1mA for 20 hours, (I) AND (L). From (A) to (C) and (G) to (I), in 
100X stitching magnification; from (D) to (F) and (J) to (L) in 200X magnification. 
 
(A) (B) (C) 
(D) (E) (F) 
(G) (H) (I) 
(J) (K) (L) 
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Figure 9 is another experiment which was designed to investigate the effect of the 
additive in the electrolyte to the dendrite growth. In figure A is LiDFOB/DME/DOL with LiNO3 
as additive in the electrolyte. For the B, 0.05 M CsNO3 is added to the electrolyte compare to the 
first one. From the result it could be find the size of the dendrite is smaller when adding the 
CsNO3 than just use LiNO3 as the additive of the electrolyte. Also the dendrite shape is closed-
packed and moss-like. That is also proof that CsNO3 has some effect in reducing the size of the 
dendrite growth. In the future more electrolytes will be tested like LiBETFSI to observe the Cs 
salt additive performance. 
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Figure 9. The optical photographs of lithium electrodes with electrochemical deposition of 
lithium in 1 M LiDFOB/DME/DOL, with 0.1 M LiNO3 after deposition,(A),(B) and (C). In 1M 
LiDFOB/DME/DOL, with 0.1 M LiNO3 and 0.05 M CsNO3 after depostition, (D), (E) and (F). 
The deposition condition is 2mA for 1 hour. (A) and (D), in 100X stitching magnification. 
(B),(C),(E) and (F), in 200X magnification. 
 
 
 
(A) 
(B) 
(C) 
(D) 
(E) 
(F) 
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In the second part of the experiment, the structure of the LiDFOB, LiBF4 and LiBOB is 
given in figure 1. The LiDFOB structure is the combination of the LiBF4 and LiBOB. In order to 
research the anion structure and component effect to the dendrite growth, three salt were added 
as electrolyte and deposit in 2 mA current for 1 hour. The result is in Figure 10. The size of the 
dendrite in LiBOB is the largest string-like dendrites with some condensed lithium particles 
adhere on the strings. The dendrite size of the LiBF4 is the smallest and it is bush-like structure. 
The size of dendrite of the LiDFOB is between the other two and it can be found the similar 
structures and morphologies from the other two lithium salt’s dendrites. So this comparison 
prove the result that different anion will impact the different composition and dendrite shape in 
surface SEI layer on the lithium electrode. [1, 2, 4-9, 11] 
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Figure 10. The optical photographs of lithium electrodes with electrochemical deposition of 
lithium in 1 M LiDFOB/DME/DOL, with 0.1 M LiNO3 after deposition, (A), (B) and (C). In 1 
M LiBF4/DME/DOL, with 0.1 M LiNO3 after deposition, (D), (E) and (F) after deposition; In 1 
M LiBOB/DME/DOL, with 0.1 M LiNO3 after deposition, (G), (H) and (I). The deposition 
condition is 2mA for 1hour. (A), (D) and (G) in 100X stitching magnification. The rest are in 
200X magnification 
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Although lots of efforts have been done on understanding the reasons for the dendrite 
formation during lithium deposition, [3-32, 38] obviously the full picture for the dendrite 
formation is still unavailable now. Generally, most (if not all) of the research work just points out 
the chemical and electrochemical conditions that could influence the dendrite formation, such as 
the different type of lithium salts and solvents, [4, 6, 8, 9, 11, 14, 15, 18, 28, 38] the different 
concentration of lithium salts, [8, 27, 29, 38] the deposition current densities, [14, 15, 18, 24, 27, 
29] and the different deposition temperature [14, 29, 31].  In this work, similar results were 
observed. For example, an experiment with different solvent is designed. From the Figure 11 it 
could be found that the shape of the dendrite formation is different when using different solvent. 
There are some bubbles generate in the (D), it could be found that the DMSO is react with the 
lithium. From the sigma manual of the DMSO and Deyang [33], it can be found that it reacts 
with metals and generate a mixture of hydrogen and methane gases at the cathode. At higher 
magnification, the G will grow moss-like dendrites which has packed structure and the other 
dendrites are loose and large. The dendrites in the H is closer to the shape in the G because the 
solvent is the 1:1 DOL and DME mixture. As the figure 10 shown, it can be concluded that the 
solvent affects the growth of the dendrite during the charging process of the lithium sulfur 
batteries. For 1 M LiTFSi salt in different solvents (in pure DME, in pure DOL, and in 1:1 
mixture, result shown in figure 12), in pure DOL solvent, the dendrite morphology is filled with 
big chunky deposit; in pure DME solvent, the dendrite morphology is filled with fine-particle 
deposit; and in 1:1 mixture solvent, the dendrite morphology is a mixture of big chunky deposit 
and fine-particle deposit. For different concentration of LiTFSi in DME/DOL mixture (0.5 M, 
1.0 M, and 2.0 M), the more compacted dendrite morphology is favorably formed in the 
electrolyte with higher concentration of LiTFSi salt as shown in figure S-7 (in supporting 
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information), although the overall dendrite formation is no big difference. Some publications 
reported similar observation for dendrite formation in different concentration of electrolyte [8, 
38], however one publication reported more dendrite formation in higher concentration of 
electrolyte [29] and another publication reported less dendrite formation in higher concentration 
of electrolyte [41].  For deposition current density, three different current densities were 
compared as shown in figure S-8. Clearly, for the same geometrical lithium electrode, as the 
deposition currents increase from 0.1 mA to 2mA, the dendrite formation as well as the 
homogeneity of the lithium deposition is more evident in the deposition with higher current. 
Similar observations were reported by Ota et al [14]and Gireaud et al [15], although Fukunaka et 
al reported big dendrites formed at extremely low deposition current density [29].         
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Figure 11 The optical photographs of lithium electrodes with electrochemical deposition of 
lithium in 1M LiTFSi with 0.1M LiNO3, In pure DOL after deposition, (A) and (F); In 1M 
LiTFSi with 0.1M LiNO3, In pure DME after deposition, (B) and (G); In 1M LiTFSi with 0.1M 
LiNO3, in 1:1 mixture after deposition, (C) and (H); In 1M LiTFSi with 0.1M LiNO3, In pure 
DMSO after deposition, (D) and (I); In1M LiTFSi with 0.1M LiNO3, In pure AND after 
deposition (E) and (J). The deposition condition is 2mA for 1 hour. (A) to (E) are in 100X 
stitching magnification. (F) to (J) are in 200X magnification. 
(A) (B) (C) 
(D) 
(G) (F) 
(E) 
(I) 
(H) 
(J) 
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Figure 12 Baseline electrolyte of LiTFSi in pure DOL (A), in pure DME (B), and in DME/DOL 
(1:1) mixture (C).  
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3.2 Lithium dendrite morphology in electrolytes with lithium polysulfide. 
To simulate the electrolyte condition in Li-S battery which normally contains elemental 
sulfur and different polysulfide species, 25 mM polysulfide mixture was added into the baseline 
electrolytes by mixing the Li2S and S8 in stoichiometric ratio of Li2S6. Although all solids of 
Li2S and S8 in the electrolytes disappeared and homogenous dark brown solutions were formed 
after thoroughly mixing, different polysulfide species as well as elemental sulfur were in the 
electrolytes instead of just Li2S6.[33] It’s been reported that the existence of polysulfide species 
in the electrolyte could suppress the dendrite formation during lithium deposition due to the 
passivation of the dendrite surface through reaction between polysulfide species and the newly 
deposited lithium.[17, 32, 36]  Figure 13 shows the surface morphology of lithium electrode after 
deposition at 2 mA for 1 hour in the electrolytes with 25 mM polysulfide species. As shown in 
figure 4, big dendrites are formed in all different electrolytes with polysulfide species at that 
deposition condition. Compared with figure 13 for the baseline electrolytes without polysulfide 
species, the suppression effect of polysulfide species on lithium dendrite formation is not that 
evident in figure 13. Since the argument for the suppression effect of polysulfide species is based 
on the reaction between polysulfide species and the newly deposited lithium, it’s debatable. First, 
due to the addition of LiNO3 in the electrolyte, the direct shuttle reaction between lithium and 
polysulfide species was greatly inhibited [33], thus the potential products through the shuttle 
reaction, such as Li2S and Li2S2 may not form on the dendrite surface. Second, to really passivate 
the dendrite surface and suppress the deposition of lithium on dendrite surface, the SEI layer 
must be thick enough and the side reaction to form the thick SEI layer must be fast enough 
compared to the electrochemical deposition. If this assumption is true, then the columbic 
efficiency should be low. However, in our recent work, it was demonstrated that even at low 
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discharge/charge rate of Li-S battery the columbic efficiency is high. [37] And that observation 
clearly indicates the above assumption is not true during lithium deposition in Li-S battery.  The 
snap-shots at different deposition time for both electrolytes without polysulfide and electrolytes 
with polysulfide were summarized in figures S-9 to S-13, it can be seen in those figures both 
electrolytes have similar dendrite formation kinetics and there is no observable suppression 
effect for electrolytes with polysulfide. 
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Figure 13 The optical photographs (each photograph was stitched together by lots of individual 
images with 100X magnification) of lithium electrodes with and without electrochemical 
deposition of lithium in different electrolytes. (A) in 1 M LiBETFSi/DME/DOL electrolyte with 
deposition;(B) in 1 M LiClO4/DME/DOL electrolyte with deposition; (C) in 1 M 
LiDFOB/DME/DOL electrolyte with deposition; (D) in 1 M LiTFS/DME/DOL electrolyte with 
deposition; (F) in 1 M LiBETFSi/DME/DOL electrolyte with deposition; (E) in 1 M 
LiTFSi/DME/DOL electrolyte with deposition; (F) in 1 M LiTFSi/DME/DOL electrolyte 
without deposition. All electrolytes contain 0.1 M LiNO3 and 25 mM lithium polysulfide (Li2S6 
in stoichiometry). The deposition condition is 2 mA for 1 hour. 
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Although the suppression effect for electrolyte with polysulfide is hard to be observed, 
the existence of polysulfide in the electrolytes does have some effects on the morphology of 
dendrite in micro-scale at least in some cases as shown in figure 14. Compared figure 14 with 
figure 5, two observations can be easily found. First, for electrolytes with LiClO4 and LiDFOB, 
the existence of polysulfide species in the electrolytes has limited effect on the micro-structure of 
the dendrite morphology. The micro-structures of the dendrites formed in these two electrolytes 
with and without polysulfide species are almost the same as shown figures 5 and 14. For 
example, for electrolyte of LiClO4, the micro-structures in figure 14(G) (with 25 mM 
polysulfide) and in figure 5(G) (without polysulfide) are both composed of compacted coarse 
particle-like deposition. Second, for electrolytes with LiBETFSi, LiTFS, and LiTFSi, the 
existence of polysulfide species in the electrolytes has noticeable effect on the micro-structure of 
the dendrite morphology. For instance, for electrolyte of LiTFS, the micro-structures in figure 
14(I) (with 25 mM polysulfide) and in figure 5(I) (without polysulfide) are totally different, one 
is with spike-like deposition, the other one is with sphere-like deposition. These two interesting 
observations clearly show the complexity of dendrite formation, and the reason for those is 
beyond the topic of this work. 
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Figure 14 The optical photographs of lithium electrodes with electrochemical deposition of 
lithium in different electrolytes containing polysulfide species. In 1 M LiBETFSi/DME/DOL 
electrolyte with deposition, (A) and (F); in 1 M LiClO4/DME/DOL electrolyte with deposition, 
(B) and (G); in 1 M LiDFOB/DME/DOL electrolyte with deposition, (C) and (H); in 1 M 
LiTFS/DME/DOL electrolyte with deposition, (D) and (I); in 1 M LiTFSi/DME/DOL electrolyte 
with deposition, (E) and (J). All electrolytes contain 0.1 M LiNO3 and 25 mM lithium 
polysulfide (Li2S6 in stoichiometry). The deposition condition is 2 mA for 1 hour. From (A) to 
(E), in 200X magnification; from (F) to (J) in 400X magnification. 
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As discussed in baseline electrolyte without polysulfide, the deposition current density 
has critical effect on the dendrite morphology. Thus it’s interesting to see if the deposition 
current density has similar effect in the electrolyte with polysulfide. Figure 15 shows the surface 
morphology of lithium deposition in 1 M LiTFSi/DME/DOL with 0.1 M LiNO3 and 25 mM 
polysulfide at different deposition currents, 0.1 mA, 0.8mA, 2mA. Obviously, the current density 
also has some effects on the dendrite formation in the electrolyte with polysulfide, the dendrite 
formation in 0.1 mA deposition current (as shown in figure 15(C) and (F)) is a little bit less than 
that in 2 mA deposition current (as shown in figure 15(A) and (D)). However, the difference of 
dendrite formation in high and low deposition currents is not that notable in electrolyte with 
polysulfide as in electrolyte without polysulfide as shown figure S-8. This observation confirms 
our previous observation again that the polysulfide species has no suppression effect on the 
dendrite formation.  
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Figure 15 The optical photographs of lithium electrodes under different electrochemical 
deposition conditions. The electrolyte is 1M LiTFSi/DME/DOL containing 0.1 M LiNO3 and 25 
mM lithium polysulfide (Li2S6 in stoichiometry). 2 mA and 1-hour deposition for (A) and (D); 
0.8 mA and 2.5-hour deposition for (B) and (E); 0.1 mA and 20-hour deposition for (C) and (F). 
From (A) to (C), in 100X magnification; from (D) to (F) in 200X magnification. 
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Recently, to minimize the dendrite formation on lithium anode during lithium deposition, 
additive in electrolyte and modification of lithium anode were also investigated in some research 
work. For example, Zhang et al [42] first reported that by adding cesium salts into the electrolyte 
the dendrite-free deposition of lithium is achieved through self-healing electrostatic shield 
(SHES) mechanism; Dunn et al [34] first reported that by coating the lithium anode with organic 
tetraethoxysilane (TEOS) the lithium electrode is dendrite-free for over 100 cycles of stripping 
and plating due to the stabilization of lithium surface by silicate film. Based on those promising 
strategies [34, 42], in this work we also investigated the feasibility of those strategies in 
suppression lithium dendrite in Li-S condition. Figures 16(B) and 16(E) show the dendrite 
morphology formed in the electrolyte of 1 M LiTFSi/DME/DOL with 0.1 M LiNO3, 25 mM 
polysulfide, 50 mM CsNO3. Figures 16(C) and 16(F) show the dendrite morphology formed in 
the electrolyte of 1 M LiTFSi/DME/DOL with 0.1 M LiNO3, 25 mM polysulfide, 50 mM CsNO3 
after the electrode treated with TEOS. Compared with the dendrite morphology in figures 16 (A) 
and 16(D) which is obtained in the of 1 M LiTFSi/DME/DOL with 0.1 M LiNO3 and 25 mM 
polysulfide without coating on the lithium electrode, there is no big difference for the 
morphologies of lithium dendrite obtained under different conditions.  However in a recent Li-S 
research work by Choi et al [43], it’s demonstrated that adding cesium nitrate (CsNO3) into the 
electrolyte of a modified Li-S battery could prevent the dendrite growth based on SHES 
mechanism, the cross-sectional SEM images of the lithium disk electrode in a coin cell set-up 
clearly show a much thicker lithium dendrite in electrolyte without CsNO3. The possible reasons 
for this different observation could be from different electrochemical cell set-up and different 
electrochemical operation condition. For electrochemical cell set-up: in this work, in the self-
made electrochemical cell, the lithium from electrochemical deposition can freely accumulate 
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without any physical barrier and disturbance; in Choi’s work [43], the separator could be a 
physical barrier and potentially could disturb the lithium accumulation. For electrochemical 
operation condition: in this work, the deposition current density is about 10 mA*cm-2 (2mA on 
the electrode with about 5mm ID); in Choi’s work, the deposition current density is about 0.84 
mA*cm-2, [43] which is much less than our current density. These two reasons could be also 
used to explain why TEOS coating didn’t work in this work but it did work in Dunn’s work [34]. 
At this point, someone may question about the high current density used in this work. However, 
it was already pointed out that for a practical Li-S battery with energy density higher than that of 
current lithium-ion battery, the sulfur loading must be over 2.0 mg*cm-2. [44-47] Based on that, 
the 1C rate of Li-S battery with 2.0 mg*cm-2 sulfur loading will result in a current density about 
3.4 mA*cm-2. Moreover, nowadays there are lots of publications with sulfur loading close or 
over 10 mg*cm-2, [47-50] and also faster charge rate is always preferred in practical application 
of rechargeable battery, the current density in this work is pretty reasonable. 
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Figure 16 The optical photographs of lithium electrodes after electrochemical deposition with 
and without additives. All electrolytes are 1M LiTFSi/DME/DOL containing 0.1 M LiNO3 and 
25 mM lithium polysulfide (Li2S6 in stoichiometry). (A) and (D), for electrolyte without any 
additive; (B) and (E), for electrolyte with 50 mM CsNO3 (99.99%)in electrolyte; (C) and (F), for 
electrode coated with tetraethyl orthosilicate (TEOS,99.999%) and electrolyte with 50 mM 
CsNO3.From (A) to (C), in 100X magnification; from (D) to (F) in 200X magnification. The 
deposition condition is 2 mA for 1 hour. 
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4. Future work 
In summary, a reliable and straightforward optical microscopic method for in-situ 
monitoring of lithium dendrite formation in electrolytic conditions as in a Li-S battery was 
successfully applied in this work. The observation of the dendrite growth of the Lithium-Sulfur 
battery is still in its early stages and the next step could be to increase the scope of this research 
by using different materials and methods. 
 In this thesis we only discussed using lithium as the substrate of the dendrite growth. By 
changing the design of the two-electrode cell, we could change the substrate to other materials 
like cooper, aluminum, lead and indium in order to see the effects the substrate will have on the 
lithium deposition and dendrite growth. 
 Further investigation into the solvent is another future research direction for future. We 
could use more organic solvent like the Ethyl methyl carbonate, ethylene carbonate and 
propylene carbonate which are mainly used in current LiB batteries. Then we could expend our 
research field not only focus on the lithium sulfur batteries but also apply our previous result and 
knowledge to Lithium-ion batteries. 
 Also from Nishida [29], the lithium battery cell is designed in another way which the 
optical microscope observed the vertical side of the electrode. This method is easy to find out the 
dendrite growth morphology and dendrite length from the observation. Also the concentration of 
the lithium salt in the electrolyte and temperature is mentioned as an effect to control the dendrite 
growth when charging. So these are also considered as a future plan.   
 Also we could use X-ray photoelectron spectroscopy (XPS) to analysis the effect of the 
SEI layer formation on the deposition of lithium process because most research has considered 
that they have relationships. So in the future, more research work on suppressing the dendrite 
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formation in Lithium-Sulfur battery will be designed and operated. SEM (scanning electron 
microscope) is another way to observe the dendrite growth in the cell. Because of the high 
resolution of the SEM, we could even observe the SEI layer of the batteries and discover the 
relationship between those two structures. Those will be discovered in the future design of the 
experiments. 
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5. Supporting information 
 
Figure S-1, Baseline electrolyte of LiBETFSi 
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Figure S-2, Baseline electrolyte of LiClO4 
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Figure S-3, Baseline electrolyte of LiDFOB 
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Figure S-4, Baseline electrolyte of LiTFS 
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Figure S-5, Baseline electrolyte of LiTFSi 
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Figure S-6, Baseline electrolyte of LiTFSi in pure DOL (A), in pure DME (B), and in 
DME/DOL (1:1) mixture (C).  
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Figure S-7, The optical photographs of lithium electrodes at same electrochemical deposition 
condition (2 mA, 1hour) in the electrolytes with different concentration of same lithium salt. (A) 
in 0.5 M LiTFSi/DME/DOL with 0.1 M LiNO3, stitched image, with 100X magnification;(B) in 
1.0 M LiTFSi/DME/DOL with 0.1 M LiNO3, stitched image, with 100X magnification; (C) in 
2.0 M LiTFSi/DME/DOL with 0.1 M LiNO3, stitched image, with 100X magnification; (D) 
zoom-in image of (A), with 200X magnification; (E) zoom-in image of (B), with 200X 
magnification; (F) zoom-in image of (C), with 200X magnification. 
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Figure S-8. The optical photographs of lithium electrodes at different electrochemical deposition 
condition in the same electrolyte (1 M LiTFSi/DME/DOL with 0.1 M LiNO3). (A) 2 mA 
deposition current for 1 hour, stitched image, with 100X magnification;(B) 0.8 mA deposition 
current for 2.5 hours, stitched image, with 100X magnification; (C) 0.1 mA deposition current 
for 20 hour, stitched image, with 100X magnification; (D) zoom-in image of (A), with 200X 
magnification; (E) zoom-in image of (B), with 200X magnification; (F) zoom-in image of (C), 
with 200X magnification.      
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Figure S-9, Electrolyte of LiBETFSi with PS. 
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Figure S-10, Electrolyte of LiClO4 with PS. 
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Figure S-11, Electrolyte of LiDFOB with PS. 
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Figure S-12, Electrolyte of LiTFS with PS. 
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Figure S-13, Electrolyte of LiTFSi with PS. 
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Figure S-14, Electrolyte of LiTFSi with PS and Cs. 
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Figure S-15, Electrolyte of LiTFSi with PS and Cs, electrode coated withTEOS. 
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Figure S-16, Electrolytes with PS and Cs,  
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Figure S-17, LiBETFSi electrolytes with PS and Cs,  
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Figure S-18, LiClO4 electrolytes with PS and Cs,  
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Figure S-19, LiTFS electrolytes with PS and Cs. 
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